Abstract. Plants in arid environments tend to have large, deep root systems, so plants living in different environments may have different root morphology. How many types of plant roots exist in the grassland? To answer this question, root morphology of each plant species should be observed, and then summarized. However, very limited data considering root distribution of each grassland species is available due to methods limitation. In this study, 430 plant species (including 542 observations) were selected. The study found that the majority of plant roots in grassland of northern China can be divided into six types: rhizome-rooted plant, fasciculate rooted plants, creeping rooted plants, fibrous rooted plants, tap-rooted plants, the bulb-corm-tuber rooted type. Based on the root types, the average root depth is 63.84 ± 5.96 cm for tap rooted, 49.89±7.06 cm for creeping rooted, 32.03 ± 4.29 cm for fasciculate rooted, 23.72 ± 2.77 cm for rhizome rooted, 20.38 ± 3.83 cm for fibrous rooted, 15.79 ± 2.02 cm for bulbcorm-tuber rooted plants. The unilateral root spread is 44.58 ± 9.26 cm for tap rooted, 43.12 ± 7.64 cm for creeping rooted, 23.82 ± 2.79 cm for rhizome rooted, 21.00 ± 2.93 cm for fasciculate rooted, 13.86 ± 2.64 cm for fibrous rooted, 12.64 ± 2.44 cm for bulb-corm-tuber rooted plants. It was found that plants with deeper tap root and longer lateral roots are mainly distributed in sandy and desert habitats. Plants with shallow tap roots and short lateral roots are mainly distributed in humid meadows, marsh soil and meadow soil. In humid regions, some plants were found to have a very large root system and at the same time large aboveground biomass.
Introduction
When compared with the research concearning aboveground plant parts, the research in plant roots and belowground organs are relatively lacking. Mainly, because it is relatively difficult to sample and observe the root buried in soil. We are aware, that complete root system can only be obtained through the excavation method, yet this method is laborious and time-consuming. Additionally, there are many kinds of plants distributed widely. Therefore, the current data on root morphology is limited to only some species. Efforts to understand the root morphological characteristics of all the plants, should be made through worldwide and long-term cooperation of scientists.
On this account, professor Chen Shihuang, had been aquiring 430 kinds of plant roots and had been gathering observational data for the past 50 years. Because of the identical way of collecting, the results can be well compared. The collected data was analyzed and is summerized in this article.
Review of Literature
Drought tolerance and water use efficiency of plants are important because aridity in many areas of the world severely limits plant growth. Aridity is expected to become more severe, especially in arid and semi-arid areas of the world, such as in central and northern China (Zhang et al., 2016; Fu and Guo, 2008) . The depth, lateral spread and degree of overlap of plant root systems are important for plant's adsorption of water and nutrients (Casper and Jackson, 1997) . Plants in arid areas have particurally large belowground biomass. According to Ma and Fang (2006) , belowground biomass of plants in Inner Mongolian grasslands is six to ten times greater than aboveground biomass. Studying the distribution of plant roots is useful to predict different responses of plants under future drought conditions, and in order to develop strategies to protect local ecological environment and maintain ecological functions in the grassland.
Study of the vertical and horizontal distribution of roots is of particular ecological significance. Most of plant root biomass occurs in the 0-50 cm soil layer, and only a small portion reaches deep soil (for a review see Canadell et al. (1996) ). Therefore, it has commonly been assumed that study of plant roots in the 50 cm soil layer can allow to fully understand the function and structure of the root systems on the ecosystem level. However, more and more research has shown the significant role of deep roots, especially for water, carbon and nutrient cycling (Douglas, 2011; Philippot et al., 2009; Yu et al., 2015) .
Elongation of lateral roots of adjacent plants can affect the amount of available resources in an ecosystem and thus determine the competitive advantage between plants ( Jose et al., 2003; Ruta et al., 2010; Wang et al., 2002) . Data on root depth and lateral root spread can help predicting functional differences between plants with different growth under future climate change scenarios. However, the absolute root depth or horizontal extension of roots may even be greater in humid environments, because plants shoots can be relatively large in these regions (Schenk and Jackson, 2002) . Study of the vertical and horizontal distribution characteristics of plant roots can provide important reference values for plant root sampling techniques, and can be useful in building models related to roots; and in calculating the carbon retention rates in global grasslands.
Roots are buried in the soil, but soil is an opaque and heterogeneous composite medium containing a lot of gravel. This increases the difficulty of root sampling and research. Therefore, many scholars have tried to employ new methods to study root systems, including the excavation method, the profile method, the root window method, ground penetrating radar and isotope labeling methods.
Compared to other methods, the excavation method is the only method in which relatively intact roots can be obtained. The excavation method is suitable for sampling shallow roots of herbs, but is very laborious and time-consuming when applied to the sampling of shrub and tree roots. Despite the difficulty, inefficiency and labor requirements, we need to use the excavation method to see the full morphology of a root system. The plant roots research team led by Chen Shihuang had accumulated abundant primary research data on plants' roots in grasslands over the past 50 years, including data on the basic morphology, depth and horizontal extension of roots in relation to the plants' habitat.
We analyzed the data in order to test some previously formed hypotheses: 1) plants have deeper or wider roots in water deficient environments, and also have deeper or wider roots under water-abundant conditions; 2) root morphology and root types are related to steppe habitats. The main root types in the steppe of northern China include tap roots, creeping roots, rhizome roots and fasciculate roots. This analysis aims to provide the basis for further study of belowground part of grassland ecosystem.
Materials and Methods
Plant roots were mostly sampled from Inner Mongolia Autonomous Region and northeast China, with some samples from Xinjiang Autonomous Region and Gansu Province ( Figure 1 , more details about the sites for each species can be acquired from supplements or from authors). Sampling was done at the beginning of August and at the end of July (which is the period of peak biomass). Typical plants were selected based on the growth of aboveground biomass, root samples were obtained using the excavation method. During the excavation process, it is necessary to obtain a root system, that is as complete as possible. The depth and horizontal distribution of roots and plant height were then measured in the field with a ruler, and the morphology of the roots was drawn on paper. A few observations of plant roots were collected from a special local sites, such as landslide area or a river bank. We analyzed 541 observations of plant roots, which covered 430 species of plants in different habitats. In some cases plants of the same species had different root morphology in different habitats. The plants were divided into six root types based on the root morphology. Rhizomerooted plants have a subterranean stem (Figure 2a) . Creeping rooted plants are characterized by a horizontal root with branches coming from the horizontal root ( Figure  2c ), while fasciculate rooted plants have many branches of the same size coming from both the root and shoots (Figure 2b) . Fibrous rooted plants have a single long stem with many of thin roots of the same thickness (Figure 2d) . Tap-rooted plants exhibit a significant difference between the diameter of the main root and lateral roots (Figure 2e) . The bulb-corm-tuber rooted type refers to plants that have roots with abnormal organs such as tubers, corms or bulbs (Figure 2f) . More details about the root classification can be found in Liu and Chen (2001) and Armstrong (2001) . 
Results

Root depth of grassland plants
The average root depth of different life forms is shown in Figure 3 . The average root depth of shrubs is 140.03 ± 14.63 cm (n = 38), with Caragana intermedia Kuang. (620 cm) being the longest. The average root depth of semi-shrubs is 100.14 ± 25.86 cm (n = 50), the longest of which is Alhagi sparsifolia Shap. (12 m), which grows in the desert. The average root depth of perennial herbs is 38.01 ± 2.41 cm (n = 367), the longest of which is Medicago sativa L. (467 cm). The average root depth of annual herbs is 18.24 ± 1.98 cm (n = 86), the longest of which is Dracocephalum moldavica L. In this study, a total of 541 observations of root depth were used. Most plant roots are distributed in the 0 to 50 cm soil layer, accounting for 72.09% of the total observations ( Table 1) . Sixty six observations of root data were distributed deeper than 100 cm. These observations came from 60 kinds of plants, including perennial herbs (27 species), shrubs (18 species), semi-shrubs (10 species), small shrubs (3), small trees (1) and biennial plants (1) . Among these observations, 42 observations were sampled from sandy and arid soils, and 7 from salinized soil and wet meadow environments. The roots in 85 observations were distributed between 50-99 cm deep. These observations include data from 80 species: annual and biennial plants (7 species), perennials plants (53 species), and shrubs, semi-shrubs and dunga-runga (20 species). Of these 85 observations, 31 observations were from plants sampled in sandy soils.
There were 114 observations from a soil depth of 25-50 cm, including 105 species of annual and biennial plants (20 species), perennials plants (73 species), shrubs, semishrubs, undershrubs and sub-shrubs (12 species). Out of these, 46 observations came from sandy soils.
There were 276 observations from a root depth of 0-25 cm, including 243 species. Out of these observations, 136 were distributed in humid, aquatic or river bank environments. The root depth of each root type is shown in Figure 3 . 15 .79 ± 2.02 cm (n = 24) on average, among which the root of Allium ramosum L., which grows in the litho soils found in hilly areas of meadow steppe, is the deepest (37.14 cm).
Unilateral root spread
Based on the life form (Figure 4) , the average unilateral root spread of annual plants is 11 The lateral root spread of 82 observations was between 25 and 50 cm, covering 79 species. Of these observations, 35 were distributed in sandy soils and desert, and 29 in wet or salty soils, meadow or dark chestnut soils, 6 in light chestnut soils, 5 in chestnut soils, 4 in light brown calcic soil, 1 in alpine meadow of Tibet. Categorized by plant type, 9 observations were from annuals, 52 from perennial grasses, and 18 from shrubs, semi-shrubs and subshrubs.
The lateral root spread of 390 observations was between 0 and 25 cm, covering 330 species, including 64 annual plants, 243 perennial herbs and 23 shrubs, semi-shrubs and undershrubs. Of the 390 observations, 186 observations were distributed in meadow or marsh soils and dark chestnut soils in meadow steppe and mountain areas, saline soil in river wetlands; 107 observations were from sandy soils, fixed dunes and desert areas; 49 observations from chestnut soils, light chestnut soils and dark chestnut soils; 18 observations from brown soils and 17 observations from stony soils and regosols.
The lateral root spread of roots categorized by root type is shown in Figure 5 . The average lateral spread for tuber rooted plants is 23 
Discussion
Using excavation method to remove the surrounding soil, the complete root morphology of plants was exposed. Since this method requires a large amount of physical labour and time (Smit et al., 2000) , adequate data for root studies can only be collected through patient and persistent long-term data accumulation. Although necessary precautions were taken when exposing the roots during sampling process, damage to the roots was still difficult to avoid. Therefore, it is likely that the actual root depth and lateral root spread of some plants is greater than reported.
The root depth and lateral root spead of plants with different life forms follow the order: annuals < perennial herb < subshrub < various shrubs. This is in agreement with reports Schenk and Jackson (2002) and Canadell et al. (1996) .
In this study, we classified the plant roots into 6 types (Liu and Chen, 2001 ). Relatively speaking, tap rooted plants can reach very deep into the soil. Creeping rooted plants have a strong capability to spread roots horizontally. Creeping rooted plants are mainly distributed in the desert steppe and the eastern part of the temperate steppedesert areas. Tap rooted plants are mainly distributed in forbrich steppe and the western part of the desert steppe zone. The root depth of fasciculate rooted plants is greater than that of rhizome rooted plants, and smaller than tap rooted or creeping rooted plants. Fasciculate rooted plants are mainly distrubted in typical steppe, while rhizome rooted types are mainly distrbuted in meadow steppe and typical steppe (Liu and Chen, 2001 ). Fibrous rooted and tuber-bulb rooted plants with subsidiary abnormal organs can store a lot of photosynthetic products, which can limit root growth vertically or horizontally.
Plant root depth and lateral root spread are related to habitat. In general, plants found in sandy and water-deficient environments have deeper roots. The deeper roots can absorb water from deep soils and increase plant's adaptation to drought (Yu et al., 2015). Sandy soils are aerated and loose, so roots can spread more easily. Though patterns of lateral root growth are species specific and habitat dependent, roots may be more likely to spread wider in sandy, nutrient-poor, and arid soils (Gour, Regarding the plant root distribution pattern ( Figure 6 ), one group of plants has very deep roots, while another group of plants has very long lateral roots, but no plants had both deep and long lateral roots. This may reflect two different survival strategies to obtain water, and thus seems reasonable from a resource allocation perspective. 
